Abstract. We discuss the prospects of detecting the processes e + p →νeℓ + ℓ ′+ X and νep → eℓ + ℓ ′+ X (ℓ, ℓ ′ = e, µ, τ ) under the conditions of the present ep collider HERA and of future colliders. These high-energy processes are assumed to be mediated by the exchange of heavy Majorana neutrinos (HMN). We consider two simple scenarios for the HMN mass spectrum: the effective singlet (m 1 ≪ m 2 < m 3 · · ·) and the effective doublet (m 1 < m 2 ≪ m 3 · · ·). For the latter case, the cross section includes information about CP -violating phases.
Introduction
At the moment there are experimental evidences for nonzero neutrino masses [1, 2] . The nature of neutrino mass, whether it is Dirac or Majorana, is one of the fundamental and still unsolved problems in particles physics. A Dirac neutrino carries a lepton number distinguishing a particle from an antiparticle. In contrast to that, a Majorana neutrino is identical to its own antiparticle. The Majorana mass term in the total Lagrangian does not conserve lepton number, but changes its value by two units. Therefore Majorana neutrinos can lead to various lepton number violating processes. For example, they induce same-sign dilepton production in collisions at high energies:
etc. In theories extending the Standard Model the seesaw mechanism is often used to provide a natural generation of small neutrino masses (for a review, see, e.g., [5, 6] ). Unlike the usual way of Dirac mass generation through weak SU(2)-breaking, this mechanism doesn't need extremely small Yukawa couplings ( < ∼ 10 −12 ). For three families of leptons and s right-handed SU(2) singlets the seesaw mechanism leads to 3 light and s heavy massive Majorana neutrino states
where ν ℓ is a neutrino of definite flavor (ℓ = e, µ, τ ), the coefficientsŨ ℓi and U ℓj form the leptonic mixing matrices.
Heavy mass states give a relatively small contribution to neutrino flavor states. Nevertheless effects of light and heavy Majorana neutrinos (HMN) compete in lepton number violating processes, because small values of the mixing parameters U ℓj for heavy neutrinos N j may be compensated by smallness of the masses of light neutrinos ν i .
The process e + p →ν e ℓ + ℓ ′+ X
In this report, we investigate the possibilities of observation of the process
and its cross symmetric process ν e p → eℓ + ℓ ′+ X (X denotes hadron jets) under the conditions of the present ep collider HERA (DESY) [1] and of future ep colliders. We assume that these processes at high energies
are mediated by HMN. The leading-order Feynman diagram for the process (1) is shown in Fig. 1 . (There is also a crossed diagram with interchanged lepton lines.) For calculating the cross sections, we use the leading effective vector-boson (EVB) approximation [7] neglecting transverse polarizations of W bosons and quark mixing. For this case, cross sections for the process and the crossed channel turn to be equal. As an observation criteria for the process we have chosen the condition σL ≥ 1, where σ denotes the cross section and L is the integrated luminosity per year for a collider. We should note that lepton-proton collisions are free of the Standard Model background [4] in contrast to the proton-proton collisions [8] .
Effective Singlet Case
At first we take the simplest pattern of the HMN mass spectrum
The cross section
(2) for the process is determined by the convolution of three functions given in [3] : p(x, xs), the quark distribution density having a fraction x of the proton momentum evaluated at the scale Q 2 = xs, h, the normalized luminosity of W + W + pairs in the quark-lepton system, and ω, the normalized cross section for the subprocess
Here, y 0 = 4m 2 W /s and the characteristic constant C has the value
In the numerical calculation we have used the set of parton distributions CTEQ6 [9] . Using the bounds on the mixing parameters U ℓN from precision electroweak data [10] 
and the constraint from the neutrinoless double beta decay [11]
(the sum is over the heavy neutrinos), we find that the process is practically unobservable at HERA even with a very optimistic luminosity ( √ s = 318 GeV, L = 1 fb −1 ) and also at the projected supercollider VLHC (see, e.g., [12] ) ( √ s = 6320 GeV, L = 1.4 fb −1 ). For example, for m 1 ∼ 1 TeV, we get σL ∼ 10 −10 (10 −3 ) for HERA (VLHC). For a possible detection of the process, the luminosity and/or the energy of the ep-collider should be substantially increased. Taking for example the luminosity L = 100 fb −1 , the observation of the most probable events (µτ and µµ) is possible if √ s > 23 TeV. For √ s = 25 TeV such a collider will be sensitive to a range of neutrino masses about 1-3 TeV.
Effective Doublet Case
We consider also the neutrino mass spectrum of the effective doublet type
with the bound on energy √ s ≪ m 3 . In this scenario, the cross section for the process (1)
includes the normalized cross section for the subprocess
which contains the individual contributions of the neutrinos N 1 and N 2 , ω(t i ), and the interference of the two, Ω(t 1 , t 2 ), where
The mixing parameters for different ℓℓ ′ channels of the process are
The phases δ ℓℓ ′ carry information about CP-violation. We assume the satu- ration of the upper bound B = 6.0 × 10 −3 in the second sum in (4) only by the first two terms, i.e., |U µ1 | 2 = rB, |U µ2 | 2 = (1 − r)B with r ∈ [0, 1]. Then for the most probable µµ channel we obtain
where f i = f (s, m i ) and F ij = F (s, m i , m j ) are expressed through obvious convolutions of the functions ω and Ω with h and p, respectively (see Eq. (5)), the constant A has the value A = 1.4 × 10 −5 fb. For r = 1 (r = 0), only a single neutrino N 1 (N 2 ) contributes to the cross section which is reduced to the form given in Eq. (2) . Generalization to the case of n neutrinos is straightforward.
In our calculations, we have chosen the following values for the parameters: √ s = 25 TeV, m 1 = 1.3 TeV, c = 1. The cross section (7) as a function of m 2 for various fixed values of r is shown in Fig. 2 . For the almost degenerate doublet (m 1 ≃ m 2 ) case and/or for the case of small mixing with N 2 (r ≃ 1), the cross section σ 2 is close to σ 1 , the cross-section for the effective singlet case. But we should note that for the case of destructive interference of the two almost degenerate massive states (e.g., for m 2 ≃ m 1 , r = 1/2, c = −1), the cross section is vanishingly small.
